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SUMMARY

Ignition of a nominal-125-pound-thrust cold (200° R) gaseous-.
hydrogen - liquid-oxygen rocket combustor with chlorine trifluoride
(hypergolic with hydrogen) and triethylaluminum (hypergolic with oxygen)
resulted in consistently smooth starting transients for a wide range of
combustor operating conditions. The combustor exhaust nozzle discharged
into air at ambient conditions.

Each starting transient consisted of the following sequence of
events: injection of the lead main propellant, injection of the igniter
chemical, ignition of these two chemicals, injection of the second main
propellant, ignition of the two main propellants, increase in chamber
pressure to its terminal value, and cuteff of igniter-chemical flow.

Smocth ignition was obtained with an ignition delay of less than
100 milliseconds for the reaction of the lead propellant with the igniter
chemical using approximately 0.5 cubic inch (0.058 1b) of chlorine tri-
fluoride or 1.0 cubic inch (0.031 1b) of triethylaluminum. These quan-
tities of Igniter chemical were sufficient to ignite a Z20-percent-fuel
hydrogen-oxygen mixture with a delay time of less than 15 milliseconds.

Test results indicated that a simple, lightweight chemical ignition
system for hydrogen-oxygen rocket engines may be possible.

INTRODUCTION

Liquid-hydrogen - liguid-oxygen rocket engines are presently under
development for several flight-vehicle stages and are being considered
for various future space applications. This nonhypergolic propellant
combination requires an ignition system, and the many applications con-
templated for these propellants may result in a variety of envirommental
conditions under which the lgnition system must function reliably.



The commonly used ignition methods for liquid-propellant engines
are electric spark ignition and chemical ignition using solid, liquid,
or gaseous igniter chemicals. Solid pyrotechnic igniters have the dis-
advantage of necessitating the safe ejection of mechanical parts from
the engine after ignition. In the current state of development of
hydrogen-oxygen engines, electric spark ignition systems have performed
reliably using either flush-mounted plugs or augmentation chambers. The
augmented spark ignition system provides a large amount of ignition en-
ergy by burning a small amount of propellants in a special augmentation
chamber. However, this system introduces the added complications of se-
quencing and controlling these igniter propellant flows. Chemical igni-
tion can provide many times as much ignition energy as the electric
spark in these systems. Excellent starting charactersitics have been
demonstrated with a chemical ignition system that required only 0.5
pound of gaseous fluorine to successfully ignite hydrogen-oxygen engines
with thrusts up to 20,000 pounds (ref. 1).

Various liquid chemicals have advantages over gaseous chemicals in
that they make possible a smaller, more compact system. In addition, a
liquid chemical ignition system has the desirable attributes of simplic-
ity, reliability, and restart capability, and it can supply a relatively
large amount of ignition energy continuously during the starting tran-
sient. An investigation was made of the starting characteristics and
flow requirements of & nominal-125-pound-thrust cold (200° R) gaseous-
hydrogen - liquid-oxygen rocket combustor using two liquid igniter chem-
icals, one (chlorine trifluoride) hypergolic with hydrogen and the other
(triethylaluminum) hypergolic with oxygen. The range of test conditions
included chamber pressures from 140 to 550 pounds per square inch abso-
lute and propellant mixtures from 9 to 70 percent fuel to cover the
range of mixtures for both rocket engines and gas generators.

Typical starting transients for both chemicals are shown by time
plots of flows and pressures. Starting-transient records were examined
to determine: (l) the ignition delay time of the reaction between the
igniter chemical and the lead propellant and (2) the delay time of the
hydrogen-oxygen reaction following injection of the second propellant.
These delay times are plotted as functions of propellant flow rates,
propellant mixture, and igniter-chemical flow rate.

APPARATUS AND TEST PROCEDURE
Propellant Systems
A schematic diagram of the propellant systems is shown in figure 1.
Gaseous hydrogen was supplied from high-pressure storage cylinders

through a pressure regulator to a cooling coil consisting of 185 feet of
1-inch-diameter copper tubing. Gaseous-hydrogen flow was measured by



two meters: (1) a critical-flow nozzle and (2) a sharp-edged, rlat-
plate orifice machined to ASME specifications. Liquid oxygen of 93.5-
percent purity was transferred from a storage Dewar tank to the oxygen
tank and was pressurized with helium. Liquid-oxygen flow was measured
by a similar ASME orifice.

The hydrogen coil and flow line to the combustion chamber and the
oxygen tank and flow line were immersed in liquid nitrogen. Cooling of
the gaseous hydrogen to liquid-nitrogen temperature was done to simulate
the hydrogen temperature at ignition of a regeneratively cooled liquid-
hydrogen engine. Cooling of the liquid-oxygen system kept the oxygen in
the liquid state and minimized boiloff.

Measurement of the very small igniter-chemical flows that were used
required a special igniter-chemical system consisting of two tubing
coils of known internal volume immersed in ice water and separated by a
shutoff valve. Liquid chlorine trifluoride or triethylaluminum (puri—
ties given in table I) was transferred into one coil, and the other was
pressurized with gaseous nitrogen. The nitrogen supply was then closed
off and the valve between the coils opened to pressurize the chemical.
The rate of pressure decrease of this known quantity of nitrogen gas was
measured during each test to ascertain the flow rate of liquid igniter
chemical.

The main-propellant and igniter-chemical flow lines each had a
purge system that entered downstream of the fire valve. Gaseous nitrogen
was used to purge the propellant and igniter-chemical flow lines and
injector after each run. Propellant and igniter-chemical flow rates and
flow buildup time depended on tank or coll pressure, since simple quick-
cpening fire valves were used.

Rocket Combustor and Injectors

The tests were conducted with a thrust chamber designed for a nom-
inal thrust of 125 pounds at a chamber pressure of 300 pounds per square
inch. The thrust-chamber configuration, consisting of an injector, com-
bustion chamber, and exhaust nozzle which were separable units (fig. 2),
was not changed throughout the program. The exhaust nozzle discharged
directly into air at ambient conditions. Since the chamber and nozzle
were uncooled, the duration of each test was limited to approximately 3
seconds.

The injector used was a simple showerhead similar to an element of
one of the 20,000-pound-thrust injectors used in reference 1. One in-
jector had a separate small-diameter tube extending through one oxidant
tube for chlorine trifluoride injection (fig. 2). A second injector had
a triethylaluminum injection tube passing through a special hole drilled



in the injector face. The triethylaluminum impinged with the adjacent
oxygen stream at an angle of 15°.

Instrumentation and Performance Measurements

Chamber pressure was measured by a strain-gage transducer and re-
corded on both a direct-reading oscillograph and a recording potentiom-
eter. Propellant supply pressures, flowmeter inlet and differential
pressures, and injector inlet pressures were measured and recorded by
similar equipment. The prchbable maximum error of these steady-state
pressure measurements was *1 percent. Hydrogen orifice inlet tempera-
ture and hydrogen and oxygen injector inlet temperatures were measured
by copper-constantan thermocouples and recorded on the direct-reading
oscillograph. The maximum error in temperature measurements was *3
percent.

Steady-state hydrogen flow rates computed from the critical-flow
nozzle and the ASME orifice using standard flow equations agreed within
+2 percent. Values computed from the critical-flow nozzle had better
precision and were therefore used for plotting the data. The critical-
flow nozzle also prevented excessive hydrogen flow during the starting
transient.

Liquid-oxygen flow rate was also computed using the standard ori-
fice flow equation. Liguid-oxygen temperature at the orifice was as-
sumed constant at 140° R. A cavitating Venturi meter was inserted in
the oxygen flow line for the triethylaluminum tests to prevent excessive
oxygen flow during the starting transient.

Hydrogen and oxygen flow measurements were all made at steady-state
running conditions after the starting transient, since the instrumenta-
tion was not accurate for determining instantaneous flow rates during
the transients.

Igniter-chemical flow rate was ascertained by two methods. One
method was to measure the rate of pressure decrease cof a known quantity
of pressurizing gas, assuming ideal isothermal expansion, the rate of
decrease being proportional to the rate at which the igniter chemical
was displaced. The rate of pressure decrease was determined from the
slope, at the time of ignition, of the igniter-chemical coil pressure
trace on the dircet-reading oscillograph record (figs. 3 and 4). The
second method of igniter-chemical flow measurement was a water cali-
bration of each capillary injection tube. From this calibration the
friction factor of the tube was calculated using the pipe head loss
equation, and a curve of friction factor as a function of Reynolds num-
ber was plotted for each tube. The pressure drop across the tube at
ignition was then used to determine the flow rate of each igniter
chemical.
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Values of igniter-chemical flow rate cobtained by the two methods
differed by as much as *0.005 pound per second (tables II and III).
At the very small flow rates involved, difficulty was encountered in
determining the slope of the pressure decay curve for the first method.
The second method, based on flow calibration, was probably more accu-
ate and was therefore used for the data presented herein.

Experimental Procedure

The range of test conditions investigated includes chamber pres-
sures from 140 to 550 pounds per square inch absolute and hydrogen-
oxygen mixtures from approximately 9 to 70 percent fuel by weight. This
range of test conditions was chosen to include the range for both rocket
engines and gas generators. Igniter-chemical flows were varied from
approximately 0.006 to 0.021 pound per second to investigate a wide
range of ignition characteristics.

A gaseous-hydrogen lead varying from 0.5 to 2.0 seconds was used
for the chlorine trifluoride ignition tests. Chlorine trifluoride was
then injected, ignition occurred, and liquid oxygen was introduced from
1.0 to 2.5 seconds later. Chlorine trifluoride flow was cut off approxi-
mately 1 second after the oxygen injection. No attempt was made to de-
termine the minimum time required for injection of all three chemicals
and buildup of full chamber pressure. The termination of the starting
transient was taken as the time at which steady-state conditions had
been established. Propellant flows were held constant for a series of
runs, while igniter-chemical flow was continually reduced to determine
the effect of this variable on ignition characteristics.

For the triethylaluminum tests an oxygen lead of approximately 0.5
second was used. Triethylaluminum was then injected, ignition occurred,
and hydrogen flow was started approximately 1 second later.

Ignition delay times were read from the direct-reading oscillograph
records as shown in figures 3 and 4. Ignition delay time for the reac-
tion between the igniter chemical and the lead propellant T, was meas-

ured from the point on the igniter-chemical coil pressure trace where a
steady slope was established after the fill time (e.g., at 0.72 sec in
fig. 3) to the point where chamber pressure increased abruptly (at 0.86
sec in fig. 3) indicating that ignition had occurred. Because of the
difficulty of determining, by this method, the exact time when igniter
chemical entered the chamber, the maximum error in the values of Tg4

was estimated as *10 milliseconds. Delay time of the hydrogen-oxygen
reaction Ty following injection of the second propellant was measured

from the point where injector inlet temperature of the second propellant
decreased abruptly (1.86 sec in fig. 3) to the point where chamber pres-
sure began to increase (1.94 sec in fig. 3). Usually, injector inlet



pressure of the second propellant began to increase at approximately the
same time that injector inlet temperature decreased. However, the tem-
perature measurement was considered the better indication of the exact
time when the second propellant entered the injector and was therefore
used to measure the delay time. Thus, Ty includes the injector cavity

i1l time of the second propellant and the ignition delay associated with
the hydrogen-oxygen reaction. The maximum error in values of Ty, was

estimated as *5 milliseconds-

RESULTS AND DISCUSSION

Experimental data are presented for 114 starts with chlorine tri-
fluoride ignition in table II and for 88 starts with triethylaluminum
ignition in table III. Consistently smooth starting transients (see
figs. 3 and 4) were obtained with both chlorine trifluoride and tri-
ethylaluminum ignition over the range of flow rates used. Starting tran-
sients are analyzed in terms of ignition delay time Tg for the reaction

between igniter chemical and lead propellant and delay time T for the

b
hydrogen-oxygen reaction. Values of Tg and Tp of 100 and 15 milli-

seconds, respectively, were considered reasonably allowable values for
rocket-engine starts and were therefore arbitrarily chosen as a basis
for comparison of the two igniter chemicals.

Ignition Performance Data

Igniter-chemical ignition delay time. - Figure 5 shows the effect
of variations in chlorine trifluoride (ClFS) flow rate on ignition de-
lay time 1, for the reaction of ClFz and cold (200O R) gaseous hydrogen.

Ignition delay times of less than 100 milliseconds were obtained for all
starts at a chlorine trifluoride flow rate of 0.0187 pound per second or

nigher. At progressively lower ClFz flows maximum T, values increased

sharply, although low ignition delay times were still obtained for some
runs. In the low chlorine trifluoride flow region, an effect of hydrogen
flow rate on ignition delay time was observed. The higher values of

T, were obtained at low hydrogen flows. This effect may perhaps be

attributed to the influence of hydrogen injection velocity on the prep-
aration of the reactants for ignition by atomization, vaporization, and
mixing of the chlorine trifluoride.

As chlorine trifluoride flows were increased above 0.0187 pound per

second, the maximum ignition delay time T, gradually decreased. At

high chlorine trifluoride flows the effect of hydrogen flow rate was not



discernible, because values of Ty were small. Very small value: cof

Ty Should result if Cl¥z flow is increased severalfold.

Ignition delay time 1, for the reaction of triethylaluminw: (TEA)
and oxygen as a function of TEA flow rate is presented in figure . Ig-
nition delay times of less than 100 milliseconds were obtained for all
starts at a TEA flow of 0.0156 pound per second or higher. At lower TEA

flows the maximum value of T, 1increased markedly, although small values

of 1, were cbtained for many runs. As TEA flow rates were increacec

above 0.0156 pound per second, maximum values of T, gradually decreaced.

In some tests the oxygen temperature at the injector inlet indicated that
gaseous oxygen was flowing into the chamber during the ignition delay
time (Flg 4). 1In these cases oxygen flow rate was too low or lead Lime
oo short to allow full liquid-oxygen flow to develop before TEA was
injected. The data obtained showed no apparent effect on T, ©f changsc
in oxygen flow rate or state.

Comparison of figures 5 and 6 reveals that meximum values of Tg

were less for TEA than for ClFz ignition at equal igniter-chemical welght
flows over the entire range of flows covered. This fact s probahl;xiw
to the greater energy release of the TEA-oxygen reaction than the C1F -
hydrogen reaction (see table I) and the faster reaction rate of the
liquid-liguid phase TEA-oxygen reaction than the liquid-gas phacs Clis-
hydrogen reaction.

Deiay time of hydrogen-oxygen reaction. - The flame established b
the reactlon of igniter chemical and lead propellant provided the lgni-
tion source for the hydrogen-cxygen reaction T'ollowing injection of the
second of these propellants. The delay time Ty assoclated with this

reaction i¢ plotted as a function of igniter-chemical flow rate and
hydreogen-oxygen mixture In figures 7 and 3. Hydrogen-oxygen mixture is
2xpressed as the percent fuel in the mixture at the termination of +he
starting transient and is calculated from steady-state hydrogen and
oxygen welight flow rates. 1In additicn to the variables shown in flgures
7 and £, measured values of Ty, may also have been influenced by in-
Jector cavity fil1l time, mixture ratic at ignition, and rate of flow
buildup of the second propellant injected.

Delay time 1y, following liquid-oxygen injection is plotted as a
function of chlorine triflucride flow rate in figure 7. Maximum valuec
of Ty, decreased stecadily ag CLF3 flow rate was increased for a con-
stant hydrogen-oxygen nmixture. For a given ClFz; flow rate higher values
of 1y, were cbtalined at higher terminal percent fuel in the hydrogen-

oxXyEan mixture.
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Figure 8 shows the effect on Ty of variations in triethylaluminum

flow rate; delay time gradually decreased as TEA flow rate was increased.
In this case the effect on 1Ty of variations in hydrogen-oxygen mixture
at a constant TEA flow rate appears small and opposite to the trend for
ClFz ignition. This difference is probably due to the change in propel-
lant scheduling from a hydrogen lead to an oxygen lead. Lower delay
times were obtained for TEA ignition, probably because of the greater en-
ergy release provided by the TEA-oxygen reaction and the more rapid dif-
fusion of gaseous hydrogen throughout the chamber as the second propel-
lant was injected. For ClFz ignition, liquid oxygen was the second pro-
pellant injected, and it required more time to vaporize as well as to
diffuse throughout the chamber.

Ignition energy release. - The ignition energies provided by the
reaction of chlorine trifluoride with hydrogen and triethylaluminum with
oxygen are given in table I. The energy released by elther igniter chem-
ical is much greater than that available from various spark ignition sys-
tems. The total quantity of chlorine triflucride required to initiate a
chlorine trifluoride - hydrogen reaction with a maximum ignition delay
of 100 milliseconds was 0.5 cubic inch (0.038 1b). This amount released
140,000 joules of ignition energy in a 2-second interval. Similarly, ig-
nition of the triethylaluminum - oxygen reactions that had a maximum
value of T4 of 100 milliseconds required a total quantity of 1.0 cubic

inch (0.0Sl 1b) of TEA, which released 600,000 joules of energy within 2
seconds. The energy release in each case was sufficient to ignite a ter-
minal 20-percent-fuel hydrogen-oxygen mixture with a maximum delay time
of 15 milliseconds after injection of the second propellant. These
amounts of energy are greatly in excess of that obtainable from various
spark ignition systems that furnish ignition energies from 10 to 50O
joules per second.

The ignition delay times presented herein were cbtained essentially
at atmospheric chamber pressures. The chamber pressure during ignition
delay time Ty would be expected to be somewhat above atmospheric, be-

cause of the reaction between lead propellant and igniter chemical. Re-
duced chamber pressure, such as would occur during high-altitude or space
starting of a rocket engine, would be expected to increase both ignition

delay times T, and Ty The effects of chamber pressure at ignition

on the delay times were not investigated.

Operating characteristics. - Generally smooth starting transients
were obtained with both ClF3 and TEA ignition, even when values of Ta

were greater than 100 milliseconds. Although it is usually considered
desirable to minimize ignition delays, probably no engine-damaging ef-
fects would result from long ignition delays for the reaction of igniter
chemical and lead propellant, provided that ignition occurred before



injection of the second propellant. However, for ignition of the main
propellants ignition delay should be held to a much lower figure, because
a combustible mixture accumulates throughout the engine chamber during
this interval and could produce hard starts.

After approximately 50 starts with triethylaluminum ignition, some
aluminum oxide deposits were observed on the combustion-chamber walls,
exhaust nozzle, and injector face near the TEA injection tube. However,
no problem of deposit accumulation in lines or plugging of injection
tubes was encountered. The TEA injection line was purged with gaseocus
nitrogen after each run to prevent this occurrence. After a few runs
with C1lFz ignition a light fluoride coating was observed on interior en-

gine surfaces. No further accumulation occurred during the remainder of
the ClFz runs.

No freezing of either chemical in the injection lines was
encountered.

Chemical Ignition Systems for Flight Engines

The results of this investigation indicate that a small, compact
chemical ignition system capable of being developed into a highly reli-
able component for hydrogen-oxygen engines or gas generators for flight
vehicles may be possible. Such a system may be in the form of a capsule
that could be preloaded with a suitable igniter chemical and inserted
into the engine. The capsule could be a sealed flexible container such
as a bellows with a pressure or mechanical means for pressurization.

The capsule could be designed to combine all the necessary components
into a self-contained unit needing only an initiating impulse or signal
for completion of its functions.

The quantities of igniter chemical used in this investigation would
probably be sufficient to ignite larger engines successfully, if local
propellant flow conditions were similar. If local propellant flows were
higher, special low-flow propellant scheduling during starting could be
used. A severalfold increase in igniter-chemical flow rate would elim-
inate this complication.

As engine diameter increases, ignition at a single point becomes
less suitable, befause the time for flame propagation across the chamber
becomes very long. If the propagation time were long enough to allow
excess accumulation of combustible propellant mixture in the chamber,

a detonation that could severely damage the engine might occur. There-
fore, igniter-chemical injection at two or three points in a large-
diameter engine might be necessary.
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While only chlorine trifluoride and triethylaluminum were tested in
this investigation, other chemicals, such as liquid fluorine or trimethyl-
boron, may have equally satisfactory ignition characteristics and more
desirable physical properties, such as lower freezing points.

SUMMARY OF RESULTS

Starting characteristics of a nominal-125-pound-thrust cold (200o R)
gaseous-hydrogen - liquid-oxygen rocket combuster were determined using
chlorine trifluoride and triethylaluminum for ignition. The following
results were obtained:

1. Smooth ignition and chamber pressure buildup were attained for
each igniter chemical over a wide range of operating conditions.

2. Maximum ignition delay time for the reaction of igniter chemical
and lead propellant decreased as igniter-chemical flow rate was increased.
At equal weight flow rates the maximum ignition delay times observed
for triethylaluminum were less than those for chlorine trifluoride.

3. Approximately 0.5 cubic inch (0.038 1b) of chlorine trifluoride
was needed per start to ignite with ccld gaseous hydrogen with an igni-
tion delay of less than 100 milliseconds. Approximately 1.0 cubic inch
(0.031 1b) of triethylaluminum was required per start to ignite with
liquid oxygen with an ignition delay of less than 100 milliseconds.

4. Maximum delay time for the hydrogen-oxygen reaction, measured
from the time when the second propellant was introduced, decreased as
igniter-chemical flow rate was increased. At equal igniter weight flows
the maximum delay times for triethylaluminum ignition were less than
those for chlorine trifluoride.

5. Approximately 0.5 cubic inch (0.038 1b) of chlorine trifluoride
or 1.0 cubic inch (0.031 1lb) of triethylaluminum provided sufficient
energy to ignite a 20-percent-fuel hydrogen-oxygen mixture with a maxi-
mum delay time of 15 milliseconds.

Lewis Research Center
National Aeronautics and Space Administration
Cleveland, Ohio, December 9, 1960
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TABLE I. - VARIQUS PHYSICAL AND CHEMICAL PROPERTIES OF CHLORINE

TRIFLUORIDE AND TRIETHYLALUMINUM

Property Chlorine Triethylaluminum
trifluoride
(a) (b)
Formula ClFx (CoHg) zAL
Molecular weight 92.46 114.17
Freezing point, °F -105 -52
Boiling point, °F 53 368
Liquid density (at 32° F),| 117.5 53.0
1b/cu ft

Ligquid viscosity (at 32° | 1.11x107° | 8.72x107°
F), (1b)(sec)/sq ft

Net heat of combustion W | -=-=w-w-- 18,352
(at 25° C), Btu/lb TEA

Heat of reaction with 3560 00000 | mmm—--
hydrogen (at 25° C),
Btu/1b ClFs

Composition of commercial 99+ percent | 83 to 88 percent triethyl-
material ClFz aluminum

3 to 6 percent diethyl-
aluminum hydride

3 to 6 percent tributyl-
aluminum

0.2 to 1.0 percent diethyl-
aluminum ethoxide

aData from ref. 2.
bData from ref. 3.




TABLE II.

[Inside diam. of injection tube, 0.018 in.]

- ENGINE STARTING DATA WITH CHLORINE TRIFLUORIDE IGNITION

13

ARased nn hydrcgen valve upening at zere time

bhata cemputed from critical-flow-nozzle measurements
®Data computed from water calibratton of infection tute
dpata computed from slope of pressurizing gas record

©€See figs. 3 and 4.

Ingjection- Flow programming Hydrogen | Oxygen |[C1F; flow |C1Fs flow | Chamber Percent | ignttien Delay
tube length, (a) fiow rate, flaw rate cate pressure delay time,
in. Spen CIF, [ Open uxy- Starting tran- 1b/sec rate, 1b/sec lb/’s;m after time, Ty,
wvalwe, gen vaive, sient ends, lb/sec ’ starting Tas millisec
sec sec sec translent, milifses
lb/sg in.
(v) (=) (a) abs (=) (e)
& 2.00 4.00 4.50 . 270 0Ll 0
2re s iH
25% uh 1
LO1en Il 17 3
ROR 2hL hid i
L0153 & T [
L0125 4 A4 22
L0124 . 1os 17
4.20 0.1322 o.272 0.014% SLOYRG 25
1317 .28 L0140 PRI
4.65 C.00840 8.3038 0.214% 0.0127 208
0036 400 L0144 012 255
o8l L3048 0139 204
l.am 4.00 4.8 o 23l 2 1d
20 20 B
211 257 B
4,50 28 4.1 a2 ¢
Z2u2 KN 25
2u2 g, an 5
o Mo 24
247 ] tit '
L8 1.0 4 .00 4.l i
§
i o
4.00 1
4
4.70 s
7
1 ]
3
i 13
i v
- 1
i 1.0 3,00 <14 T‘ B
| :
140 | 0.128F | —---- ;
o8 2.00 2.30 --
H 2.24 G.785 0.0204 .2 B
768 L0183 L2 4% i
741 L0192 W 7t 1
721 .0leg O BRI 4
<741 L0181 i ab Bl
2.40 0.zZ82 O o] BY
420 .1 T8
420 4 14
420 .2 z7
42% el 9
264 h : 32
248 R 3
307 o4 E i
L3225 3 7
! Lhau v i o
325 o >
L3230 .4 £ L
oELT N v
L e - R T D | - L
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TABLE IT.

- Concluded.

[Inside diam. of InJection tube, 0.018 in.)

ENGINE STARTING DATA WITH CHLORINE TRIFLUORIDE IGNITION

InJdection- Flow programming Hydrogen Oxygen [C1F; flow ClFy flow Chamber Percent Ignition Delay
tube length, (a% flow‘rate, flow rgte, rate, pressure fueil delay time,
tn. Open C1F;| Open oxy- | Starting tran- e/see 1§%ti’ 1b/sec 1b/sec taftfr after time, Yo
valve,”| gen valve, stent ends, SEee s'ar; “% rfFarF?jf Ty millisec
sec sec sec transient, transiont milllisec
1b/sq Ln.
(&) (e} (8) avs (e) (e)
& ¢.60 2.00 2.50 0.1397 0.202 0.0175 0.0199 21y 34 7
L1338 .203 L0171 L0218 220 42 o]
L1387 .231 L0168 G118 224 30 32
.138% L2032 .0162 L0128 230 21 0
0.80 2.00 2.60 0.1338 0.128 0.0178 0.0144 143 41 240
-1334 .0049 L0174 | emmmes 145 3L T
L1363 172 .Q170 0z10 145 o o
. 1382 128 L0184 | ------ 1a1 T 12
-1360 L1128 .0160 0143 135 2¢ G
18 Q.70 1.90 2.30 0.1390 0.568 06.0125 0.0116 452 o}
.1351 . 560 .0122 .00997 461 52
L1315 550 L0104 00890 470 o]
.1230 SHO .0108 0131 470 Q
L1314 .0104 00959 470 Q
L1314 L0101 .0112 465 0
1.80 2.20 0.1313 0.423 0.00996 - - 408 23.7 257 60
L1323 -413 .00883 G.ul19 401 24.3 105 Q
0.65 1.85 2.1% 0.1308 0.750 0.0107 C.0111 Ht3 16 56
-1346 748 L0105 .Cl14 542 1 652
L1327 .739 .0103 .00749 582 124 &0
L1310 L7286 L0101 .00018 543 143 4
L1284 743 .00996 .ocg27 543 214 4
2.20 0.1363 G.413 0.00948 $.00544 408 127
.1344 .41% .00926 .C0411 397 242
L1344 335 .00913 Gle4 411 L
L1369 417 .00898 | ----- 385 27
f.1368 311 .0084Y 00708 336 143
0.55 1.80 2.20 0.1314 0.304 0.0103 0.0108 341 30.2 24 140
L1161 L304 .0101 .00889 338 27.4 2z &3
L1191 311 .00g8? 00664 334 27.7 17 o
1.70 2.18 0.1115 0.198 ©.00963 C.0043b 247 28.0 141 1bk
L1361 167 .00952 .007358 252 44.9 138 10
1.80 2.30 0.1127 0.0592 0.00933 1a2 53.2 20 20
L1305 0573 .00917 Iaz C9.5 202 308
L1353 18 .00905 180 5.4 254 220
L1299 118 .00887 190 52.4 310 26
L1203 140 .00880 | ~------ 183 46.2 175 272
§ 2.00 4.00 4.50 0.1007 - v.0172 0.0192 350 122 8
L1001 ———- L0159 Ol11l 357 37 (5]
18 1.50 4.00 4.60 0.1080 0.283 0.0094¢8 287 27.1 - i2u
s2l . 489 .00740 240 g.8 -- 22
L0523 h03 .00713 25C 2.4 -- 3
L0817 . 504 .00702 252 3.3 - 56
L0017 L4398 .00682 258 9.4 e?
L0617 04 . 00663 3.3 32
G.80 1.80 2.30 0.1418 0.410 Q.0115 | ----- 25.7 121 110
S - e
2.10 G.1381 0.580 | =--=-=- |  --=m- 458 13.8 2h4 0

8Based on hydrogen valve opening at zero time.
bpata computed from critical-flow-nozzle measurements.
CData computed from water callbration of inJjection tube.

dpata computed from slope of pressurizing gas record.

€See figs. 3 and 4.
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TABLE III. - ENGINE STARTING DATA WITH TRIETHYLALUMINUM IGKITION

TEA injJectlon Flow programming Hydrogen | Oxygen TEA TEA Chamber PBrrrent Tgritiun Delay Oxygen=-
tube (a) flow £1ow flow flow oressure . de iay e, injector
rate, rate, rate, rate, afrter timey, T tempera-
Inside | Length, | Open CGpen Starting lz/sec lt/sec [1b/sez | 1b/sec starting starting T . L_ ture at
diam., in. TEA hydrogern |transient transient, | transient 2 milltse terition,
in. vaive, valve, ends, ! 5 w
sec sec sec (©) (2) (d) ()
0,018 3 0.40 1.45% 1. 0.0747 2,407 [0.0152 |0.0156 i a7 -221
LOTRD 313 L0142 LDiR4 il PR
L0747 LAET L0131 .olz2 ——= -- -- ————
G35 1.44 LB ' -&4l
; i —r44q .
1,605 X o !
1.
|
C.an 1,40 i - - ;
0.35 e e R o
] .
1.40 2.00 .0CHE3 1ve [ —cad
0.50 0 210 00954 224 Lo -
Q.60 2.20 G.ohdg .0055% 221 G | -24n
. . R e
! Laac 1.8C CL1003 CLR222 {0.0132  |0.00893 252 RIS --- O -Z24h
.40 1.90
i 2.00
|
i
i o, oan
20
Fat < !
N [N W |
1 G Lz !
330 a
! 312 1
| ! ; zuz
)‘ ! 2o .
H 244 -
SN GRS - i

Epata computed from eritical-rlow-riczzle measurements.

cDaLa computed from water calluraitlern of inceotion tube.

dpata computed frem slopse of pressurizing gos recoed.

3ee Clgs. & and 4.
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Chlorine trifluoride flow rate, 1b/sec
Figure 5. - Ignltion delay time of reaction of chlorine trifluoride and

hydrogen as function of chlorine trifluoride flow rate.
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